In this paper has a numerical framework for multiphysical simulation of resin-impregnation, heat-transfer and cure in a resin-injection pultrusion process been developed. Using the framework, the material flow through the pultrusion die was studied for the manufacture of a 100 mm thick glass fibre reinforced polyurethane (thermoset) composite profile. The results demonstrated that while curing is initiated near the heated die-walls, a yet stronger reaction is simultaneously obtained at the centre of the profile. The results were qualitatively compared to measurements from an industrial pultrusion line, which confirmed the trends of the material flow.
INTRODUCTION
Resin-injection pultrusion (RIP) is a high-quality, cost-effective and continuous process for the manufacture of composite profiles with a constant cross-section. In RIP, the dry fibre material is pulled through a die, where the fibre material is impregnated with a resin by means of pressure-driven resin-injection. Subsequently, the composite profile is heated, which initiates and accelerates the exothermic curing reaction. Finally, the cured composite profile leaves the die and is cut into desired lengths.
Resin-injection pultrusion is a closed mould process, whereby it is difficult to measure or observe the different sub-steps of the material flow through the die. As a result, the sensitivities and implications of the different process parameters are often unknown and the process not necessarily well understood. For this reason is computer simulation an important tool in the design and optimisation of existing and new RIP processes.
Computer simulation of the RIP process has over the years gained significant interest in academic research, and several research papers on resin-impregnation, heat-transfer and cure can be found in the literature. For example, Palikhel, Roux, and Jeswani [1] studied how the pressure build-up and fibre wet-out in a tapered impregnation chamber is correlated to the profile-advancing pulling speed and wedge angle. From the same research group, the effect of the number of inlet slots and their location was studied in [2] , and the influence of fibre compaction was discussed in [3] . The heat-transfer and curing kinetics incl. process-induced stresses and shape distortions have been studied extensively by Baran et al. in e.g. [4, 5] . Multiphysical simulations, considering both the resin-impregnation, heattransfer and curing kinetics can also be found in the literature [6, 7, 8] . Common for this work, however, is that the impregnation step is to some degree considered separate to the heating die, whereby a de-coupling of the interaction of resin impregnation, heat-transfer and curing kinetics is inherently assumed.
In the present study, a multiphysical simulation of a RIP process is presented. The model fully couples resinimpregnation, heat-transfer and resin cure, which has not been done before. The numerical framework is based on the finite volume method (FVM), with a level-set method to trace the location of the resin flow front. The simulations are conducted for a realistic industry case and results are qualitatively compared to measurements from an industrial pultrusion line.
METHOD
In this section, the governing equations for the material flow through the die in a pultrusion line are described.
Resin flow
For a Newtonian fluid (the resin), the flow through a porous media (fibre material) moving with a bulk velocity of u i, f is governed by Darcy's law:
where, in this context, the bulk velocity of the fibres, u i, f , corresponds to the profile-advancing pulling speed of the profile. Darcy's law relates the spatial velocities, u i , in the i-direction to the pressure gradient, ∂p/∂x i , and the material parameters K i j , θ v and µ. These coefficients are the permeability tensor and porosity of the fibre material, and the dynamic viscosity of the resin, respectively. Off-diagonal terms in K i j are assumed to be zero. Finally, q i is the volumetric discharge that is often referred to as the superficial velocity. Please note that repeated indices in tensor equations (indices i and j) implies summation.
To set up an equation for the pressure, mass conversation is enforced to Eq. 1, which means that the divergence of the volumetric discharge must be in balance with any sources or sinks, s:
Eq. (2) is valid when u i, f is constant in all directions. While some flow models consider a partially saturated zone near the flow front as part of the impregnation mechanisms, Darcy's law formulated as Eqs. (1) (2) implies that there exists a sharp transition between the resin (the saturated zone) and the dry fibre-material (the unsaturated zone) during the impregnation step. For layups consisting of fabrics (e.g. non-crimp or woven), pore space introduces a partially saturated zone near the flow front as the resin travels faster between rovings under pressure-induced flow. Such cases are not captured by Eqs. (1-2) and the transient, progressive impregnation mechanisms must instead be considered through an appropriate non-saturated flow law when applicable [9, 10, 11] . In RIP, single rovings are often used instead of fabrics, as it has some cost and structural benefits. Single rovings are cheaper, as the fibre material does not need to be processed into a fabric, and they allow for a higher volume fraction, as unbounded fibre-material can be more densely packed. When the pore space between rovings is limited, the partially saturated zone near the flow front will be short, which justifies the flow model in Eqs. (1-2) for layups consisting of single rovings in RIP.
Flow front tracker
The flow front is tracked by the level-set method that was initially introduced by Sussman, Smereka, and Osher [12] . In this approach, a level set function, φ, holds the absolute distance to the interface (the resin flow front) in the form of a signed distance function. This means that the flow front location is identified by the zero-isocontour of the level set function, (φ = 0), and the domain is split by the sign of φ, where the resin occupies φ < 0 and the dry fibres φ > 0.
As the resin infiltrates the fibre material, the level-set function is advected in the velocity field from Eq. 1:
As the level-set function is advected in the velocity field, φ generally loses its property of being a signed distance function. To maintain this property, φ has to be regularly reconstructed, which is usually referred to as reinitialisation. In this paper, the single-step reinitialisation scheme by Fu, Hu, and Adams [13] is applied after every time step.
Heat-transfer and cure
The energy balance incl. the exothermic heat generation from the curing reaction reads:
which is a conventional energy conservation equation for transient convection-diffusion with internal heat generation. Eq. (4) accounts for the temporal change in energy due to convection from bulk transport of the resin, u i,m , the convection due to the pulling speed of the fibre, u i, f , and diffusion through heat conduction. The heat generated from the exothermic curing reaction enters through the source term, r. The material properties are the density, ρ, the specific heat, C, and the heat conductivity tensor λ i j . Off-diagonal terms in λ i j are assumed to be zero. Terms with no subscripts denote the composite, i.e. lumped values for the resin, m, fibres, f , or the die. The heat generated from the exothermic curing reaction enters the source term as:
where H t is the total heat generated during the chemical reaction, and R r = R r (α, T ) is the cure degree rate, given as an Arrhenius equation [14] :
where α is the degree of cure, A 0 is the pre-exponential constant, n is the kinetic exponent, E a is the activation energy, and R is the universal gas constant. The degree of cure is subjected to advection by the velocity of the resin:
Numerical framework
Eqs.
(1-4) are discretised using FVM and solved in the technical programming language, MATLAB TM . The solution method consists of two successive steps. The first step is to solve the pressure equation, Eq.
(2), implicitly. Secondly, velocities near the interface can be determined and the interface is locally advected using an explicit forward Euler step for Eq. (3) . The temperature and the degree of cure can subsequently be determined in the new configuration using an implicit backward Euler step based on Eqs. (4) and (7), respectively.
CASE STUDY
The case study concerns pultrusion of a 100 mm thick profile, consisting of a polyurethane (PUR) thermoset resin reinforced with rovings of glass fibres. The case study is illustrated in Fig. 1 and all material properties are listed in Table 1 . The case is considered in 2D on a 200 × 40 equidistant grid, with symmetry exploited at the centreline. The die is 1.5 m long, which is a typical length of a long pultrusion die [15] , and it has a wall thickness of 50 mm. The resin is injected at the top and bottom of the die at an injection pressure of 30 bar and a temperature of 25 • C. The resin enters the profile through a 50 mm wide manifold located 200 mm from the entrance to the die. At the top and bottom of the die, the first 300 mm of the die is cooled to a constant temperature of 35 • C, while the last 900 mm of the die is heated to 110, 190, and 170 • C over three equidistant steps. The remaining of the die is cooled by means of natural convection to the ambient surroundings with a temperature of t ∞ = 25 • C. The fibre material is preheated to a temperature of 50 • C before entering the die to shorten the cure time [15] . The pulling speed is set to 0.2 m/min. 
Results and discussion
The stationary solutions for temperature, pressure and degree of cure can be seen in Figs. 2(a-c) . The temperature near the edge and at the centre of the profile are plotted in Fig. 3(a) . Temperature measurements from an industrial pultrusion line, with similar, but different, dimensions, materials, and process conditions, are plotted in Fig. 3(b) .
Resin flow
As it can be seen in Fig. 2(a) , the full cross-section achieves complete wet-out under the subjected process conditions. A pressure build-up of approximately 25% of the inlet pressure is maintained at the exit of the chamber. The flow front appears concave, with a back-flow of approximately 5 cm behind the inlet at the die-wall. The flow front starts at the centre of the profile approximately 5 cm after the inlet. From the temperature measurement in Fig. 3(b) , the flow front location can be estimated based on the point where the temperature suddenly changes. The flow front location is indicated as points A and C, while the inlet is at point B which is known from the geometry of the die. The location of the inlet can also be identified as the point where a sharp drop in temperature is observed, as the thermocouple reaches the unheated resin inlet flow. Based on points A and C in Fig. 3(b) , the flow front also appears concave.
Temperature rise and resin cure
Based on Fig. 3(a) , the temperature at the edge of the profile drops from the entrance of the die towards the resin inlet. Under the resin inlet, the temperature drops sharply as the bulk transport of resin with low inlet temperature is strong in this region. Further into the die, the resin cures from the die-walls into the profile (cf. Fig. 2b-c) . A local peak in temperature coming from the exothermic curing reaction is observed approximately 75% into the die, where the resin near the die-wall is more than 90% cured (c.f. Fig. 2c) .
At the centre of the profile, the temperature appears almost constant at 50 • C, which corresponds to the preheated temperature of the fibres. As the fibres reach the resin, the temperature starts to rise and approximately 50% into the die, the resin is more than 90% cured (c.f. Fig. 2c ). This behaviour indicates that a faster exothermic curing reaction starts from the centre of the profile in addition to the reaction that starts near the die-walls.
The same tendencies in the development of the temperatures are observed in the measurements from the industrial pultrusion line (c.f. Fig. 3b ) with some minor differences. For example, i) at the entrance of the chamber in the industrial pultrusion line, the temperature is lower at the edges compared to the centre of the profile. This could indicate that the fibres are to some degree cooled by the ambient surroundings between the preheater and pultrusion die. ii) The development in temperature through the die appears to be more smooth for the industrial pultrusion line, compared to the simulation results. This could be caused by differences in the design and location of heaters, as well as imperfect thermal contact between the die and the profile.
Transition from liquid to gel to solid
Established research (e.g. [15] ) often illustrates a concave transition from liquid to gel, and from gel to solid, similar to the shape of the flow front. As it is evident in Fig. 2(c) , for this thick composite profile manufactured with fibre preheating, the resin cures simultaneously from the die-walls and the profile centre, which makes the transition from liquid to gel, and from gel to solid, both convex and concave at the same time.
CONCLUSION
In this study, a numerical framework based on the finite volume method and the level-set method for multiphysical simulation of the resin-injection pultrusion process was developed. The framework handles the material flow through the die, i.e. the resin impregnation step, incl. treatment of the resin flow front as a free surface, and the coupling to the heat-transfer and curing kinetics of the resin.
Using the numerical framework, a case study of a thick composite profile was conducted. In the case study, it was shown how the temperature field is affected by the preheating of the fibres and the inlet temperature of the resin. Furthermore, it was demonstrated how curing is both initiated near the die-walls, yet a stronger reaction is observed at the centre of the profile due to preheating of the fibres. The results were qualitatively compared to measurements from an industrial pultrusion line, which confirmed the trends of the material flow. Fig. (a) , while normalised measurements from an industrial pultrusion line with similar, but different, dimensions and materials are shown in Fig. (b) . Point A indicates where the thermocouple reaches the resin front in the edge of the profile. At point B, the thermocouple is right below the inlet. Finally, at point C, the thermocouple reaches the resin flow front at the centre of the profile.
In future research, we aim to include the temperature-dependent rheology of the resin. This would e.g. allow for studies on how the resin impregnation step is affected by fibre preheating and resin inlet temperature.
